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Edited by David LambethAbstract p40phox activated phagocyte NADPH oxidase with-
out p47phox in a cell-free system consisting of p67phox, Rac and
cytochrome b558 relipidated with phosphatidylinositol 3-phos-
phate. The activation reached to 70% of that by p47phox. Addi-
tion of p47phox slightly increased the activation, but not
additively. p40phox improved the eﬃciency of p67phox in the acti-
vation. The C-terminus-truncated p67phox, p40phox(D289A),
p40phox(R58A), or p40phox(W207R) showed an impaired activa-
tion. A peptide corresponding to the p22phox Pro-rich region sup-
pressed the activation, and far-western blotting revealed its
interaction with p40phox SH3 domain. Thus, p40phox can substi-
tute for p47phox in the activation, interacting with p22phox and
p67phox through their speciﬁc regions.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Phagocyte NADPH oxidase (Nox2-based) is a superoxide-
generating enzyme that plays an important role in host defense
against microbial infection. The enzyme is dormant in resting
cells and becomes active upon cell stimulation by a pathogen
or a receptor-mediated stimulant [1,2]. The activation occurs
via assembly of the cytosolic regulatory proteins p47phox,
p67phox and Rac with the membrane-associated ﬂavocyto-
chrome b558 (cyt.b558), which consists of p22
phox and
gp91phox/Nox2, the ﬁrst discovered member of the Nox family
[3].
In 1993, p40phox was discovered in 240–260 kD complexes
with p67phox and p47phox in the cytosol of guinea pig and hu-
man neutrophils [4,5], and assumed to be the fourth cytosolic
factor for the oxidase. p40phox is expressed in phagocytes, lym-
phocytes and other limited cell types that express Nox2 [6].Abbreviations: cyt.b558, ﬂavocytochrome b558; GST, glutathione-S-
transferase; PI 3-P, phosphatidylinositol 3-phosphate; PI, phosphati-
dylinositol; p40SH3, p40phox SH3 domain; p47SH3, p47phox SH3
domain; p22PR, p22phox Pro-rich region; AIR, autoinhibitory region
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doi:10.1016/j.febslet.2007.08.040Thus, p40phox appears to be an exclusive regulatory factor
for Nox2 although it is not expressed in vascular endothelial
cells, which express abundant Nox2, and is expressed in neu-
rons, which do not express Nox2 [7].
Regarding the role of p40phox in the oxidase activation,
extensive studies have been performed by many groups over
the past decade. Interestingly, some groups have documented
its down-regulatory eﬀects [8–10], while other groups have re-
ported up-regulatory eﬀects [7,10–12]. Thus, the role of p40phox
in the oxidase activation remains ambiguous and controversial
at present.
It is well known that p40phox constantly associates with
p67phox through its PB1 domain [4,11] and interacts with
p47phox through its SH3 domain at least in the resting state.
In addition, the PX domain of p40phox binds to phosphatidyl-
inositol 3-phosphate (PI 3-P) with high speciﬁcity. The roles of
these interactions in the oxidase regulation have been studied
and several models have been proposed [2].
Despite the eﬀorts described above, both the role and the ac-
tion mechanism of p40phox have remained ambiguous [10]. In
the present study, we aimed to clarify these points by examin-
ing the eﬀects of p40phox in a cell-free system containing PI 3-P-
enriched cyt.b558 in the absence of p47
phox. We show that
p40phox can activate the oxidase without p47phox by collaborat-
ing with p67phox and Rac, and that the activation mechanism
involves an interaction with the Pro-rich region of p22phox,
similar to the case for p47phox.2. Materials and methods
2.1. Materials
Bovine liver phosphatidylinositol (PI), bovine brain phosphatidyl-
ethanolamine and soybean phosphatidylcholine were purchased from
Sigma–Aldrich (St. Louis, MO). Bovine brain sphingomyelin was pur-
chased from Nacalai Tesque (Kyoto, Japan). Biotinylated peptides
were synthesized by Thermo Electron GmbH (Ulm, Germany).
2.2. Plasmid construction for p40phox and its mutant
A cDNA for p40phox was a kind gift from Drs. Frans Wientjes and
Anthony Segal (Department of Medicine, University College London).
The p40phox cDNA was ampliﬁed by PCR and subcloned into pGEX-
6P (EcoRI sites). The cDNAs for p40phox(D289A), p40phox(W206R),
and p40phox(R58A) were obtained using a QuikChange mutagenesis
kit (Stratagene, La Jolla, CA).
2.3. Expression and puriﬁcation of recombinant p40phox
pGEX-6P containing the p40phox cDNA was transfected into Esch-
erichia coli BL-21. After expression, the cells were suspended in 50 mM
Tris–HCl (pH 7.5) containing 5 mM DTT, 1 mM EDTA, 1 mM diiso-
propyl ﬂuorophosphate, 0.2 mM phenylmethylsulfonyl ﬂuoride andblished by Elsevier B.V. All rights reserved.
4534 M. Tamura et al. / FEBS Letters 581 (2007) 4533–45380.15 mg/ml deoxycholate, and lysed by sonication. Glutathione-S-
transferase (GST)-fused p40phox was bound to Glutathione-Sepharose
beads, and p40phox was released by thrombin. The eluate was dialyzed
against 20 mM potassium phosphate buﬀer (pH 7.0) and concentrated.
p40phox mutants were expressed in the same way except that the dial-
ysis buﬀer included 2 mM diisopropyl ﬂuorophosphate.
2.4. Expression and puriﬁcation of p67phox and other components
pGEX-2 T containing a p67phox cDNA was expressed in the E. coli,
and the cells were lysed by sonication. The expressed GST-p67phox was
bound to Glutathione-Sepharose and released by thrombin. The re-
leased p67phox was applied to Q-Sepharose equilibrated with 20 mM
Tris–HCl (pH 7.0) containing 0.1 M NaCl, 0.1 mM dithiothreitol,
and 0.15 mM phenylmethylsulfonyl ﬂuoride and was eluted with
an NaCl gradient (0.1–0.3 M). The fractions containing p67phox was
collected, dialyzed and concentrated. p67phox(1–210), RacQ61L
and p47phox were expressed and puriﬁed as described previously
[13].
2.5. Preparation of cyt.b558
Isolation of plasma membranes from porcine neutrophils and puri-
ﬁcation of cyt.b558 were performed as previously described [14]. The
cyt.b558 preparation was relipidated with a PI 3-P-enriched lipid mix-
ture (phosphatidylcholine:phosphatidylethanolamine:PI 3-P:sphingo-
myelin:cholesterol = 24.7:23.2:29.0:10.5:12.6 wt% of total lipid) to
give a ﬁnal concentration of 1 mg/ml of cyt.b558. The suspension was
sonicated and kept at 0 C for 20 min, and stored at 80 C (PI 3-P-
enriched cyt.b558). For PI-enriched cyt.b558, a lipid mixture inclu-
ding PI instead of PI 3-P at the same content was used for relipi-
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Fig. 1. Domain structures of p40phox and p47phox, and the sequences of their
electrophoresis of p67phox, p67phox(1–210) (DC), p47phox, p40phox, and its mut
boxes show the amino acid residues that directly interact with p22PR [20]. T2.6. Reconstitution of NADPH oxidase and assay for O2 generation
The reaction mixture contained p67phox, Rac1(Q61L) (designated as
Rac below), p47phox or p40phox (1 lM each) with PI 3-P-enriched
cyt.b558 (5 pmol) in 50 ll of Buﬀer A (20 mM potassium phosphate
buﬀer, pH 7.0, 4 mM MgCl2, 10 lM FAD). The mixture was incu-
bated with 180 lM SDS for 5 min at 25 C, and the reaction was ini-
tiated by adding 240 ll of buﬀer A containing 200 lM NADPH and
80 lM cytochrome c. Superoxide generation was measured as de-
scribed previously [13] and veriﬁed by superoxide dismutase.
2.7. Far-western blotting
p40phox, p40phox(W207R), p47phox, and Rac (20 lg each) were sub-
jected to SDS–polyacrylamide gel electrophoresis and the protein
bands were blotted onto a nitrocellulose membrane. The membrane
was blocked with Buﬀer B (20 mM Tris–HCl, pH 7.4, 0.1 or 0.3 M
NaCl, 0.05% Tween 20) and incubated with biotinylated peptide
(45 lM) at 20 C for 2 h. After washing with Buﬀer B, the membrane
was incubated with an anti-biotin antibody conjugated with a peroxi-
dase (Bethyl Laboratory, Montgomery, TX).3. Results
3.1. Domain structure of p40phox
Fig. 1A shows the domain structure of p40phox compared
with that of p47phox, the canonical organizer for the phagocyte
NADPH oxidase. p40phox and p47phox resemble each other.
Both have PX and SH3 domain. The PB1 domain in p40phox339
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Fig. 3. Concentration dependence for p40phox in the activation of
phagocyte NADPH oxidase. The cell-free system included diﬀerent
concentrations of p40phox with constant concentrations of other
components.
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region in p47phox. Diﬀerences between p40phox and p47phox
are the presence of an autoinhibitory region (AIR) and the sec-
ond SH3 domain in p47phox. It is widely accepted that p47phox
is self-regulated through the interactions among the AIR and
two SH3 domains, and between the PX domain and SH3C.
When unmasked, the SH3 domains bind to the p22phox PR re-
gion (p22PR), and the PX domain binds to a phosphoinosi-
tide, such as PI 3,4-P2, in the membrane. Fig. 1B shows
SDS–polyacrylamide gel electrophoresis of mutant proteins
used in this study.
3.2. Activation of NADPH oxidase by p40phox
Fig. 2 shows the oxidase activation by p40phox in a cell-free
system including puriﬁed cyt.b558 and Rac. p40
phox activated
the oxidase to 70% of the activation by p47phox. When p47phox
was added with p40phox, the activity was slightly increased, but
not additive and even lower than that with p47phox alone, sug-
gesting competitive binding of p40phox and p47phox to a com-
mon target. The concept was supported by the fact that Km
for p47phox was increased by the presence of p40phox while
Vmax was not altered (Table 2).
To clarify which components were required for p40phox acti-
vation, we examined the activation with diﬀerent combinations
of cytosolic components. When Rac or p67phox was omitted,
the activation was diminished to less than 10% (data not
shown).
Fig. 3 shows the concentration dependence of p40phox in the
oxidase activation with p67phox and Rac. The EC50 was esti-
mated to 0.64 lM, which was comparable to that of p47phox
(0.55 lM) (data not shown). p40phox-induced activation was
dependent on SDS, an anionic amphiphile (Fig. 4). A plot of
the activity against the SDS concentration produced a sharp
curve with a peak at around 180 lM SDS. This optimal con-
centration was somewhat higher than that with p47phox
(120 lM).
To further clarify the mechanism for the activation, we
examined the eﬀect of p40phox on the eﬃciency of p67phox,0
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Fig. 2. Activation of phagocyte NADPH oxidase by p40phox. The cell-
free system included p40phox and/or p47phox, p67phox, Rac, and
cyt.b558.
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Fig. 4. Concentration dependence of SDS for the activation of
phagocyte NADPH oxidase. The cell-free system included diﬀerent
concentrations of SDS with constant concentrations of the other
components.the activator protein (Table 1). The EC50 of p67
phox was
0.57 lM and 0.1 lM in the absence and presence of p40phox,
respectively, indicating that p40phox enhances the aﬃnity of
p67phox for the oxidase complex.
3.3. Functional interaction with p67phox
We next examined whether the interaction with p67phox
is essential for p40phox activation. Fig. 5 shows that the
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Fig. 6. Eﬀect of PI 3-P on the activation of phagocyte NADPH
oxidase by p40phox. The cell-free system included p67phox and Rac with
PI 3-P-enriched or PI-enriched cyt.b558 in the absence (closed bars) or
presence of p40phox (dark gray), p40phox(W207R) (light gray), or
p40phox(R58A) (open bars).
0
500
1000
1500
2000
O
2-
ge
ne
ra
tio
n 
(nm
ol 
/m
in 
/nm
ol 
cy
t.b
55
8)
p40phox            —               wild           D289A          wild
p67phox
          wild             wild             wild ΔC
Fig. 5. The interaction between p40phox and p67phox for the NADPH
oxidase activation. The cell-free system included p40phox or p40phox
(D289A), p67phox or C-terminus-truncated p67 (DC), Rac, and
cyt.b558.
Table 2
Eﬀect of p40phox on the EC50 value of p47
phox in the activation of the
NADPH oxidase
p40phox p47phox
EC50 (nM) V
0
max
a
None 26 ± 9 2200 ± 78
Added 45 ± 12 2070 ± 24
Cell-free system contained 0–2 lM p47phox with other factors. The
data were ﬁtted to a modiﬁed Michaelis–Menten equation,
v = V0 + Vmax/(1 + Km/[S]), where V0 is the activity at [p47
phox] = 0.
The V0 values observed in the absence and presence of 1 lM p40
phox
were 133 and 1830 nmol O2 /min/nmol cyt.b558, respectively. V
0
max is
deﬁned as Vmax plus V0.
anmol O2 /min/nmol cyt.b558.
Table 1
Eﬀect of p40phox on the EC50 value of p67
phox in the activation of
phagocyte NADPH oxidase
p40phox p67phox
EC50 (lM) Vmax
a
None 0.57 ± 0.08 901 ± 42
Added 0.10 ± 0.03 2010 ± 48
Cell-free activation was performed with 0-6 lM p67phox with other
factors. The EC50 values were estimated by ﬁtting the average values
from four experiments to the Michaelis–Menten equation.
anmol O2 /min/nmol cyt.b558.
4536 M. Tamura et al. / FEBS Letters 581 (2007) 4533–4538activation was impaired when C-terminus-truncated p67phox or
p40phox(D289A) was used, which are both defective in the
interaction. The results indicate that an interaction between
p40phox and p67phox is essential for p40phox activation.
3.4. Eﬀect of PI 3-P enrichment
Fig. 6 shows the eﬀect of PI 3-P in the relipidation of
cyt.b558. When PI was enriched in the relipidation instead ofPI 3-P, the activity decreased to about 30%, indicating that
an interaction with PI 3-P is required for the maximal eﬀect
of p40phox on the activation. Actually p40phox(R58A), defective
in PI 3-P binding, showed only 12% activation of that by wild-
type p40phox with PI 3-P-enriched cyt.b558 while the activation
of PI-enriched cyt.b558 was not much changed by the mutation.
3.5. Interaction with p22phox
In the case of p47phox, interactions among the two SH3 do-
mains and p22PR, and that between the PX domain and a spe-
ciﬁc phosphoinositide are important. With regard to p40phox,
the interaction between the PX domain and PI 3-P should con-
tribute to the activation. In addition, it is reasonable to specu-
late the interaction between p40phox SH3 domain (p40SH3)
with p22PR because p40SH3 quite resembles p47phox SH3
domain (p47SH3) domains, especially p47SH3N (Fig. 1C).
Far-western blotting analysis revealed that p22PR peptide
(Fig. 7A) bound to p40phox although the aﬃnity was lower
than that with p47phox (Fig. 7B and C). In contrast,
p22PR(P156Q) hardly bound to p40phox as with p47phox
(Fig. 7B). Also, p40phox(W207R) mutated at the SH3 domain
showed very low aﬃnity (Fig. 7C). These results demonstrate
a direct interaction between p22PR and p40SH3. In fact,
p40phox(W207R) showed an impaired activation of the oxidase
either with PI 3-P or PI-enriched cyt.b558 (Fig. 6).
Fig. 8 shows the inhibitory eﬀects of the p22PR peptide on
the oxidase activation. The activation was inhibited by the
peptide, but not P156Q mutant, and was reduced to 50% at
15 lM peptide. At higher concentrations, it gradually de-
creased to 40%. Although the reason for the incomplete inhibi-
tion by the peptide is not clear at present, one possibility is that
the interaction between the PX domain and PI 3-P may com-
pensate for the impaired SH3–PR interaction.4. Discussion
Regarding the role of p40phox in the oxidase activation, both
inhibitory and stimulatory eﬀects have been reported with
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M. Tamura et al. / FEBS Letters 581 (2007) 4533–4538 4537phagocytic cells and model cells [2,10]. However, in cell-free
systems, the eﬀect of p40phox has not been prominent when
tested under the conventional conditions [10]. In the present
study, we examined the eﬀects of p40phox in the absence of
p47phox using puriﬁed cyt.b558 in PI 3-P-enriched vesicles, con-
sidering the fact that p40phox binds PI 3-P with high speciﬁcity.
Under these conditions, we observed that p40phox by itself
can activate the oxidase together with p67phox and Rac. Theactivation by p40phox was about 70% of the activation by
p47phox. This ﬁnding is consistent with a previous report that
cyt.b558 in plasma membrane-mimicking vesicles enriched with
PI 3-P is partially activated in a cell-free system containing a
p40phox–p67phox complex with Rac [15].
The oxidase activation by p40phox absolutely required SDS
addition. In cell-free systems, an anionic amphiphile is thought
to mimic the phosphorylation of p47phox and unlock self-regu-
lation. Although our system does not contain p47phox, Ueyama
et al. recently reported that p40phox is self-regulated by an
intramolecular interaction [16]. Although the mechanism for
the unmasking in vivo is not clear, SDS may release the self-
blocking in the cell-free system.
There is another possible mechanism that requires SDS in
the activation. Of the oxidase subunits cyt.b558 is highly basic,
and also p67phox N-terminal region (1–210) and p40phox PX
domain are positively charged. In addition, the C-terminus
of Rac involved in the membrane-binding is positively charged
[17]. Thus, it is plausible that SDS facilitates the activation by
eliminating the charge repulsion as we suggested for unmasked
p47phox-containing system [14]. Furthermore, Pick’s group has
recently demonstrated an essential role of membrane negative
charges for Rac C-terminus binding [18].
The enzyme activation with p40phox and p47phox was rather
lower than that with p47phox alone. This is reasonable provid-
ing that these two organizers competitively bind to p22phox,
and p47phox is a more potent organizer than p40phox. It may
partially explain the inhibitory eﬀect of p40phox observed in
model cells [8].
The p40SH3 domain is thought to interact with the p47phox
PR region in a 240 kD complex in the resting cytosol [2]. How-
ever, Massenet et al. reported that phosphorylation of p47phox
at Ser-379 during cell activation greatly weakens the aﬃnity
between p40SH3 and the p47phox PR region [19]. Thus, it is
likely that phosphorylated p47phox dissociates from p40phox
and exposed p40SH3 now interacts with p22PR.
Recent structural studies demonstrated that p47SH3N and
p47SH3C both interact with p22PR [20,21], but kinetic studies
showed that the dominant interaction is that with SH3N [2].
Regarding p40phox, the sequence alignment showed that
p40SH3 bears more resemblance to p47SH3N than to
p47SH3C (Fig. 1B), and that the amino acid residues essential
for the interaction are mostly conserved in p40SH3. In the
present study, we actually detected the interaction between
p40SH3 and P22PR by far-western blotting.
Regarding the biological relevance of the eﬀect of p40phox on
the oxidase activation, there may be diﬀerent signaling path-
ways leading to p40phox and p47phox in cells. As mentioned,
p40phox binds PI 3-P with high speciﬁcity. PI 3-P accumulates
in the phagosomal membrane and is essential for phagosome
maturation [22]. Thus, p40phox can translocate to the phago-
some membrane to form the oxidase complex. PI 3-P is also
reported to accumulate in early endosomes, to which p40phox
translocates with p67phox [16]. When the endosomes become
fused to phagosomes, these components may form the oxidase
complex.
Finally, it should be noted that p40phox is phosphorylated by
a Ser/Thr protein kinase during cell activation [2]. As men-
tioned, phosphorylation of p40phox probably disrupts the
p40phox–p47phox interaction, or unlocks the self-regulation of
p40phox [16,19]. On the other hand, an inhibitory eﬀect of
phosphorylated p40phox has also been proposed [9]. It will be
4538 M. Tamura et al. / FEBS Letters 581 (2007) 4533–4538interesting to clarify how the phosphorylation of p40phox inﬂu-
ences its ability to regulate phagocyte NADPH oxidase.Acknowledgements: The authors are indebted to Kaori Fukuda, Kazu-
hiro Mizuki, Takayuki Kizuna, and Yoshimichi Yoshimatsu for their
technical assistance.References
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